Introduction
Modern technology calls for increasingly smaller designs, which in turn ultimately requires increasingly smaller antennas. Even though electrically small antennas have been studied for decades [1] [2] [3] [4] [5] [6] [7] [8] [9] , their inherently poor matching, low radiation efficiency, and narrow bandwidth pose a serious design obstacle. The matching issue is traditionally tackled with appropriate matching networks; however, such solutions suffer from narrow bandwidths, high tolerance requirements, and modest efficiencies [2] . While some recent approaches toward efficient small antennas have involved either specific shaping of the radiator or addition of conductors around it [3] [4] [5] [6] , as well as exploiting artificial metamaterials (MMs) and MM-inspired structures [7] [8] [9] , a more traditional approach to reduce the antenna size has been to load it with a high-permittivity material. Such antennas, known as dielectric resonator antennas (DRAs), rely on resonances supported in high-permittivity structures. A great variety of DRAs has been proposed and demonstrated [10] , and, very often, expensive high-permittivity ceramics are used as the dielectric material. To this end, it is interesting to pay attention to water as an alternative material [11] . With its relatively high frequency and temperature-dependent permittivity in the microwave frequency range [12] , water holds a great potential as an inexpensive, abundant, and 2 of 11 biofriendly material for not only tunable antennas [11, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] but also more broadly as inclusions in MMs and metasurfaces (MSs) [22] [23] [24] [25] [26] [27] with tunable dynamic properties. These tunable properties can potentially be used for sensing as well.
Indeed, several water-based DRAs have already been demonstrated [11, [13] [14] [15] [16] [17] [18] , with effective excitation of resonances in water cavities. Cylindrical [13] , rectangular [14] , and bottle-shaped [18] cavities have been investigated. These antennas mainly operate in the very high frequency (VHF) and the low end of ultrahigh frequency (UHF) bands due to water losses at higher frequencies. Another type of water-based antenna that exploits conductive liquids (e.g., salt water) [19] [20] [21] [22] has also been reported. The operational frequency of these antennas can be tuned through a simple change of the conductive liquid volume. The electrical size of an antenna is defined as k 0 a, with a being the radius of the so-called Wheeler's radian sphere (the smallest possible sphere enclosing the antenna), k 0 = 2π/λ 0 being the free-space wavenumber, and λ 0 being the free-space wavelength. In the presence of a ground plane, k 0 a ≤ 0.5 in order for the antenna to be qualified as electrically small [5] . Following this definition, we find that most of the water-based antennas demonstrated thus far are not electrically small.
The purpose of the present work was to investigate an electrically small water-based DRA consisting of a short monopole antenna encapsulated by a hemispherical water cavity and fed against a large ground conducting plane. The working principle of the proposed DRA relies on the fundamental electric and magnetic dipole resonances (equivalent to the transverse magnetic (TM) and transverse electric (TE) modes, respectively), which can be excited in the high-permittivity water cavity. The spherical shape of the cavity maximizes the antenna volume, making it possible to obtain much smaller water-based antennas compared to any of those reported thus far. Specifically, the size of the smallest antenna proposed presently is λ 0 /18, representing the smallest water-based antenna to date. On the other hand, the dipole resonances in the water cavity are used to effectively match an otherwise inefficient short monopole antenna to its feed line as well as the surrounding free space. The length and the position (with respect to the water cavity) of the short monopole were determined for the optimal performance of the DRAs. A prototype antenna operating at 300 MHz was characterized, and measurements exhibited an excellent agreement with the numerical predictions.
The rest of the paper is organized as follows. Section 2 introduces the configuration of the water-based DRA as well as the numerical model. Section 3 presents the numerical and experimental results. Section 4 includes a summary and the conclusions of this work. Appendices A and B contain the antenna parameter definitions and additional results, respectively. Throughout the work, the time factor exp(jωt), where ω is the angular frequency and t is the time, was assumed and suppressed.
Configuration
The water-based DRA is shown in Figure 1 . The hemispherical cavity has radius r w , and the feed line is a coaxial transmission line with an inner and outer radii of r i = 0.92 mm and r o = 2.99 mm, respectively, and a dielectric material with the relative permittivity of ε c ≈ 2.1. The characteristic impedance of the feed line is 48.75 Ω, and its length was set to l c = 10 mm in the numerical model. The monopole of length l m is displaced from the center by distance x m . A Cartesian coordinate system was introduced, as shown in Figure 1 . The permittivity of water was described by the Debye model [12] . A model of the water-based DRA was built in COMSOL Multiphysics 5.3 [28] , which was used in all numerical calculations. The model consisted of the DRA enclosed by a hemisphere of free space and with a perfect electric conductor (PEC) plane as the ground. An outer perfectly matched layer (PML) terminated the free-space hemisphere. A matched port was placed on the bottom of the transmission line, as shown in Figure 1 . The input power was set to 1 W.
See Appendix A for definitions and more details of the antenna parameters used in this work. Appl. Sci. 2019, 9, x FOR PEER REVIEW 3 of 11 Figure 1 . A sketch of the water-based dielectric resonator antenna (DRA).
Results and Discussion
We designed the antenna to operate at 300 MHz and 20 °C, where the relative permittivity of water was 80.2 − j1.34. However, to study the influence of the dispersion of water, we compared it with an antenna designed for 1000 MHz, where the relative permittivity of water was 79.9 -j4.46, clearly showing higher losses. We used two designs exciting different resonances in the hemisphere. With the PEC plane imaging the induced volume currents inside the hemisphere, the resonances will effectively be similar to the ones in the full sphere (the resonant properties of spherical configurations are known [29] also when water is used as the dielectric [30] and were utilized presently for the design of water-based DRAs. See also Appendix B.1 for more details). After a systematic parametric study of the two parameters and , the most efficient designs were found, and the final results are summarized in Table 1 for both frequencies. The total efficiency ( ) is shown as a function of frequency in Figure 2a for both designs. At 300 MHz, a magnetic (electric) dipole resonance could be excited in a sphere with the radius 55.18 mm (78.53 mm) equal to λ0/18 (λ0/14). The maximum total efficiency for the magnetic (electric) dipole antenna was 29.5% (15.6%). For comparison, the total efficiency without water was only 0.037% (0.0013%), with almost total reflection of the input power. Thus, introducing water not only matched the antenna to the transmission line but also to the ambient free space, as also confirmed by the reflection coefficient (S ) and radiation efficiency ( ) in Figure  2b . The magnetic dipole resonance in a water sphere is the most pronounced [30] . This was also the case here, as illustrated in Figure 2 . However, due to the losses in water, both antennas absorbed (i.e., dissipated) more power than they radiated: the magnetic (electric) dipole antenna absorbed 70.1% (76.3%). Compared to the antennas at 1000 MHz, where the losses of water were even greater, we found that the total efficiency dropped by approximately a factor of 3 (see Table 1 ). 
We designed the antenna to operate at 300 MHz and 20 • C, where the relative permittivity of water was 80.2 − j1.34. However, to study the influence of the dispersion of water, we compared it with an antenna designed for 1000 MHz, where the relative permittivity of water was 79.9 -j4.46, clearly showing higher losses. We used two designs exciting different resonances in the hemisphere. With the PEC plane imaging the induced volume currents inside the hemisphere, the resonances will effectively be similar to the ones in the full sphere (the resonant properties of spherical configurations are known [29] also when water is used as the dielectric [30] and were utilized presently for the design of water-based DRAs. See also Appendix B.1 for more details). After a systematic parametric study of the two parameters l m and x m , the most efficient designs were found, and the final results are summarized in Table 1 for both frequencies. The total efficiency (η eff ) is shown as a function of frequency in Figure 2a for both designs. At 300 MHz, a magnetic (electric) dipole resonance could be excited in a sphere with the radius 55.18 mm (78.53 mm) equal to λ 0 /18 (λ 0 /14). The maximum total efficiency for the magnetic (electric) dipole antenna was 29.5% (15.6%). For comparison, the total efficiency without water was only 0.037% (0.0013%), with almost total reflection of the input power. Thus, introducing water not only matched the antenna to the transmission line but also to the ambient free space, as also confirmed by the reflection coefficient (S 11 ) and radiation efficiency (η rad ) in Figure 2b . The magnetic dipole resonance in a water sphere is the most pronounced [30] . This was also the case here, as illustrated in Figure 2 . However, due to the losses in water, both antennas absorbed (i.e., dissipated) more power than they radiated: the magnetic (electric) dipole antenna absorbed 70.1% (76.3%). Compared to the antennas at 1000 MHz, where the losses of water were even greater, we found that the total efficiency dropped by approximately a factor of 3 (see Table 1 ).
As both resonances could be excited in a single hemisphere but at different frequencies, we fabricated one antenna, where the position and the length of the monopole could be adjusted for each resonance type. The antenna was fabricated by hollowing out a hemisphere with the radius 55.18 mm in a Rohacell 51 HF block. The permittivity of Rohacell 51 HF was measured to be 1.075 [26] . The Rohacell block was then glued to an aluminum plate in which holes were drilled for insertion of the monopole antennas and water. Photographs of the antenna are shown in Figure 3a . Two holes (x m = 7 mm and x m = 0 mm) and two monopole antennas (l m = 43.6 mm and l m = 15.3 mm) were made so that both dipole DRA resonances could be excited. The ground plane was realized by attaching a circular aluminum plate with a diameter of 1 m to the antenna. The antenna was mounted on a tripod with a rotating joint, and the reflection coefficient was measured with an Anritsu MS2024B vector network analyzer calibrated for 50 Ohm matching. As both resonances could be excited in a single hemisphere but at different frequencies, we fabricated one antenna, where the position and the length of the monopole could be adjusted for each resonance type. The antenna was fabricated by hollowing out a hemisphere with the radius 55.18 mm in a Rohacell 51 HF block. The permittivity of Rohacell 51 HF was measured to be 1.075 [26] . The Rohacell block was then glued to an aluminum plate in which holes were drilled for insertion of the monopole antennas and water. Photographs of the antenna are shown in Figure 3a . Two holes ( = 7 mm and = 0 mm) and two monopole antennas ( = 43.6 mm and = 15.3 mm) were made so that both dipole DRA resonances could be excited. The ground plane was realized by attaching a circular aluminum plate with a diameter of 1 m to the antenna. The antenna was mounted on a tripod with a rotating joint, and the reflection coefficient was measured with an Anritsu MS2024B vector network analyzer calibrated for 50 Ohm matching.
The water inlet made it easy to insert and extract water from the antenna. With no water, we measured a reflection coefficient of 0 dB with both monopole antennas. The measured reflection coefficients for the antenna filled with water are shown in Figure 3b . Clearly, the reflected power was reduced at the resonance frequencies for specific combinations of and . When the monopole antenna was positioned in the center of the hemisphere, the magnetic dipole resonance was not excited, and thus most of the power was reflected at 300 MHz. The electric dipole was optimally excited around 420 MHz with = 0 and = 43.6 mm. The numerical results are included in Figure 3b , showing full agreement with the measurements. The small mismatch of 0.4 MHz in The water inlet made it easy to insert and extract water from the antenna. With no water, we measured a reflection coefficient of 0 dB with both monopole antennas. The measured reflection coefficients for the antenna filled with water are shown in Figure 3b . Clearly, the reflected power was reduced at the resonance frequencies for specific combinations of x m and l m . When the monopole antenna was positioned in the center of the hemisphere, the magnetic dipole resonance was not excited, and thus most of the power was reflected at 300 MHz. The electric dipole was optimally excited around 420 MHz with x m = 0 and l m = 43.6 mm. The numerical results are included in Figure 3b , showing full agreement with the measurements. The small mismatch of 0.4 MHz in frequency between experimental and numerical reflection minimum can be explained by a small difference in temperature and/or water filling in the hemisphere.
The water was removed from the hemisphere and then filled in to check the reproducibility of the measurements. This was done five times, and only a slight difference was observed between the measurements, with the values of the mean and maximum deviation being 299.725 MHz and 0.375 MHz, respectively. We found some differences in the magnitude of the reflection coefficient too (between -23 and -35 dB), but because its absolute value was very low, these differences could have come from small changes in the experimental conditions. Appl. Sci. 2019, 9, x FOR PEER REVIEW 5 of 11 frequency between experimental and numerical reflection minimum can be explained by a small difference in temperature and/or water filling in the hemisphere. The water was removed from the hemisphere and then filled in to check the reproducibility of the measurements. This was done five times, and only a slight difference was observed between the measurements, with the values of the mean and maximum deviation being 299.725 MHz and 0.375 MHz, respectively. We found some differences in the magnitude of the reflection coefficient too (between -23 and -35 dB), but because its absolute value was very low, these differences could have come from small changes in the experimental conditions.
In Figure 4a , the electric field distribution in the -plane of the magnetic dipole antenna is shown at 300 MHz. From the direction of the electric field (shown by the arrows), it is clear why the monopole cannot be positioned in the center of the hemisphere ( ≠ 0) if the magnetic resonance is to be excited. In order to excite a circulating electric displacement current, the monopole has to be displaced from the center of the hemisphere.
The calculated radiation pattern for the magnetic dipole antenna is shown in Figure 4b by the normalized radiation intensity in the -and -planes. It can be seen that there was no radiation in the negative direction because of the ground plane. The radiation pattern was similar to that of a half-loop antenna, while the radiation pattern of the electric dipole antenna was similar to that of the monopole antenna (see Appendix B.2). The magnetic (electric) dipole antenna had isotropic radiation in the xz-plane (xy-plane) with the maximum realized gain ( ) of 0.16 dBi (-3.1 dBi). The radiation pattern was also measured with a simple dipole antenna designed for 300 MHz. By rotating the antenna under test, the transmission coefficient was measured at different angles in the xz-plane of the antenna. The normalized transmission coefficient is included in Figure 4b . From 0° to ±90°, the measurements were similar to the numerical results. However, at higher angles, they started to deviate. This was expected because the simulated ground plane was infinite, whereas a ground plane of 1 m diameter was used in the measurements. In Figure 4a , the electric field distribution in the xz-plane of the magnetic dipole antenna is shown at 300 MHz. From the direction of the electric field (shown by the arrows), it is clear why the monopole cannot be positioned in the center of the hemisphere (x m 0) if the magnetic resonance is to be excited. In order to excite a circulating electric displacement current, the monopole has to be displaced from the center of the hemisphere.
The calculated radiation pattern for the magnetic dipole antenna is shown in Figure 4b by the normalized radiation intensity in the xzand xy-planes. It can be seen that there was no radiation in the negative z direction because of the ground plane. The radiation pattern was similar to that of a half-loop antenna, while the radiation pattern of the electric dipole antenna was similar to that of the monopole antenna (see Appendix B.2). The magnetic (electric) dipole antenna had isotropic radiation in the xz-plane (xy-plane) with the maximum realized gain (G real ) of 0.16 dBi (-3.1 dBi).
The radiation pattern was also measured with a simple dipole antenna designed for 300 MHz. By rotating the antenna under test, the transmission coefficient was measured at different angles in the xz-plane of the antenna. The normalized transmission coefficient is included in Figure 4b . From 0 • to ±90 • , the measurements were similar to the numerical results. However, at higher angles, they started to deviate. This was expected because the simulated ground plane was infinite, whereas a ground plane of 1 m diameter was used in the measurements.
The 3 dB fractional bandwidth, FBW 3dB , of the magnetic (electric) dipole antenna was 7.81% (2.85%). This gave a radiation quality factor, Q, of 1.06 (22.4) times the so-called lower bound, Q lb , (also known as the Chu limit, see Appendix A) with k 0 a ≈ 0.35 (k 0 a ≈ 0.46) for the magnetic (electric) dipole antenna. As k 0 a ≤ 0.5 for both antennas, they are electrically small. For a quarter wavelength monopole, k 0 a = π/2; thus, water reduced the size of the antenna by a factor of 4.5 (3.2). Moreover, the magnetic dipole water-based DRA reported herein represents the electrically smallest water-based antenna to date. The cost is a reduction in radiated power (and thus the total efficiency) due to the losses in water as well as the bandwidth. Nevertheless, its fractional bandwidth is higher than many other compact antennas [9, 10] . In addition, bearing in mind that the present design does not require any expensive or rare materials, the antenna will be very cheap and easy to produce. Furthermore, water adds flexibility to the design, allowing tuning by temperature and extraction of water, which we have examined both numerically and experimentally. The results are included in Appendix B.3. Appl. Sci. 2019, 9, The 3 dB fractional bandwidth, FBW , of the magnetic (electric) dipole antenna was 7.81% (2.85%). This gave a radiation quality factor, , of 1.06 (22.4) times the so-called lower bound, , (also known as the Chu limit, see Appendix A) with ≈ 0.35 ( ≈ 0.46) for the magnetic (electric) dipole antenna. As ≤ 0.5 for both antennas, they are electrically small. For a quarter wavelength monopole, = /2; thus, water reduced the size of the antenna by a factor of 4.5 (3.2). Moreover, the magnetic dipole water-based DRA reported herein represents the electrically smallest water-based antenna to date. The cost is a reduction in radiated power (and thus the total efficiency) due to the losses in water as well as the bandwidth. Nevertheless, its fractional bandwidth is higher than many other compact antennas [9, 10] . In addition, bearing in mind that the present design does not require any expensive or rare materials, the antenna will be very cheap and easy to produce. Furthermore, water adds flexibility to the design, allowing tuning by temperature and extraction of water, which we have examined both numerically and experimentally. The results are included in Appendix B.3.
Conclusions
In summary, simple electrically small water-based DRAs were investigated both numerically and experimentally. The fundamental resonances were excited in a water hemispherical cavity and used to effectively match a short monopole antenna to both its feed line and the surrounding free space. The final antennas were optimized by varying the length and the displacement of the monopole. As a result, compact water-based DRAs were designed. The optimum antenna had an electrical size of λ0/18, making it the smallest water-based antenna to date, albeit with lowered total efficiency due to water losses. We believe that the proposed electrically small water-based DRAs may serve as cheap and easy-to-fabricate tunable alternatives for VHF and the low end of UHF bands. 
In summary, simple electrically small water-based DRAs were investigated both numerically and experimentally. The fundamental resonances were excited in a water hemispherical cavity and used to effectively match a short monopole antenna to both its feed line and the surrounding free space. The final antennas were optimized by varying the length and the displacement of the monopole. As a result, compact water-based DRAs were designed. The optimum antenna had an electrical size of λ 0 /18, making it the smallest water-based antenna to date, albeit with lowered total efficiency due to water losses. We believe that the proposed electrically small water-based DRAs may serve as cheap and easy-to-fabricate tunable alternatives for VHF and the low end of UHF bands. 
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Appendix A
This appendix presents the definition of the antenna parameters used in this work. The water-based DRA can be described by the equivalent circuit diagram in Figure A1 . We were interested in maximizing the total efficiency given by [2] :
where P rad is the total radiated power, and P in is the input power to the transmission line. η rad = P rad /(P rad + P d ) is the radiation efficiency, with P d being the power dissipated in the antenna, and |S 11 | 2 = P r /P in is the fraction of the power reflected (P r ) due to mismatch of the antenna input impedance (Z A ) to that of the transmission line (Z 0 ). S 11 designates the antenna reflection coefficient. We characterized the impedance bandwidth of the antenna by the 3 dB fractional voltage standing wave ratio (VSWR) bandwidth FBW 3dB = ( f −3dB − f +3dB )/ f 0 , with f ±3dB being the ±3 dB frequencies of S 11 and f 0 being the resonance frequency [3] . For electrically small antennas, the quality factor Q = 2/FBW 3dB , and presently we applied the following ratio: 3 being the lower bound of Q, where b i is a resonance mode factor with i = m, e denoting the mode, and Q Chu is the Chu limit [1] [2] [3] [4] [5] . For magnetic (electric) resonant antennas, b m = 3 (b e = 1.5). We used Equation (A2) to determine how close the Q of the antenna was to the theoretical minimum.
where is the total radiated power, and is the input power to the transmission line. = /( + ) is the radiation efficiency, with being the power dissipated in the antenna, and |S | = / is the fraction of the power reflected ( ) due to mismatch of the antenna input impedance ( ) to that of the transmission line ( ). S designates the antenna reflection coefficient.
We characterized the impedance bandwidth of the antenna by the 3 dB fractional voltage standing wave ratio (VSWR) bandwidth FBW = ( − )/ , with ± being the ±3 dB frequencies of S and being the resonance frequency [3] . For electrically small antennas, the quality factor = 2 FBW ⁄ , and presently we applied the following ratio:
being the lower bound of , where is a resonance mode factor with = m, e denoting the mode, and is the Chu limit [1] [2] [3] [4] [5] . For magnetic (electric) resonant antennas, = 3 ( = 1.5). We used Equation (A2) to determine how close the of the antenna was to the theoretical minimum. The realized antenna gain in a given direction can be calculated as follows [2] :
where ( , f) = 4 ( , f)/ is the directivity, with ( , f) being the radiation intensity and ( , f) denoting the direction of radiation.
Appendix B
This appendix contains the additional results for the scattering analysis of a water sphere and the electric dipole antenna as well as the sensitivity and tunability of the antennas. The realized antenna gain in a given direction can be calculated as follows [2] :
where D(θ, φ) = 4πU(θ, φ)/P rad is the directivity, with U(θ, φ) being the radiation intensity and (θ, φ) denoting the direction of radiation.
This appendix contains the additional results for the scattering analysis of a water sphere and the electric dipole antenna as well as the sensitivity and tunability of the antennas.
Appendix B.1 Scattering Analysis of Water Sphere
The solution to a plane wave incidence on a dielectric sphere is well known [29] , and it was studied in a previous work [30] . The configuration is shown in Figure A2a . The amplitude coefficients are [29] a n = ε r,w j n (k w r w ) j n (k 0 r w ) − j n (k w r w ) j n (k 0 r w ) ε r,w j n (k w r w )h (2) n (k 0 r w ) − j n (k w r w )h (2) n (k 0 r w )
for the TM r and TE r scattering field components, respectively. ε r,w and k w are the relative permittivity and the wavenumber in water, respectively. j n and h (2) n are the nth order spherical Bessel function of the first kind and spherical Hankel function of the second kind, respectively. The prime denotes the operation g n (x) = d[xg n (x)]/dx.
for the TM and TE scattering field components, respectively. , and are the relative permittivity and the wavenumber in water, respectively. and ℎ ( ) are the th order spherical Bessel function of the first kind and spherical Hankel function of the second kind, respectively. The prime ′ denotes the operation ′( ) = [ ( )]/ . The absorption, extinction, and scattering efficiencies were used to describe the response of the water sphere, and they are related by
The spectrum of the scattering and absorption efficiencies are shown in Figure A2b for a sphere with = 55.18 mm and a water temperature of 20 °C. Peaks at 300 and 430 MHz can be seen, caused by the magnetic dipole ( ) and electric dipole ( ) resonances, respectively. These were the resonances that we utilized in the antennas. We found that 32% (68%) of the extinct power was scattered (absorbed) at the magnetic dipole resonance frequency, which was very similar to the efficiency found for the magnetic dipole antenna.
B.2. Electric Dipole Antenna for 300 MHz
The electric field distribution in the -plane at 300 MHz is shown in Figure A3a . The calculated radiation pattern is shown in Figure A3b by the normalized radiation intensity in the -and - The absorption, extinction, and scattering efficiencies were used to describe the response of the water sphere, and they are related by Q abs = Q ext − Q sca , where
The spectrum of the scattering and absorption efficiencies are shown in Figure A2b for a sphere with r w = 55.18 mm and a water temperature of 20 • C. Peaks at 300 and 430 MHz can be seen, caused by the magnetic dipole (b 1 ) and electric dipole (a 1 ) resonances, respectively. These were the resonances that we utilized in the antennas. We found that 32% (68%) of the extinct power was scattered (absorbed) at the magnetic dipole resonance frequency, which was very similar to the efficiency found for the magnetic dipole antenna.
Appendix B.2 Electric Dipole Antenna for 300 MHz
The electric field distribution in the xz-plane at 300 MHz is shown in Figure A3a . The calculated radiation pattern is shown in Figure A3b by the normalized radiation intensity in the xzand xy-planes. The field distribution was symmetrical as the monopole was positioned in the center of the hemisphere. Notice that there was no radiation in the negative z direction because of the ground plane.
Appl. Sci. 2019, 9, x FOR PEER REVIEW 9 of 11 planes. The field distribution was symmetrical as the monopole was positioned in the center of the hemisphere. Notice that there was no radiation in the negative direction because of the ground plane. 
B.3. Sensitivity and Tunability
Variation in the cable type of same characteristic impedance had a minimum impact on the radiated power. The same was the case for the length of the transmission line below the ground plane ( ). However, variation of the length and position of the monopole (∆ and ∆ ) as well as the hemisphere radius and temperature of water (∆ and ∆ ) affected the radiated power. Analysis of the different parameters showed that changes of ∆ ≈ 1.7 mm, ∆ ≈ 0.7 mm, ∆ ≈ 1.4 mL, and ∆ ≈ 0.4 °C resulted in a 1% decrease in radiated power for the magnetic dipole antenna at 300 MHz. This information is important because it shows how sensitive the antenna is to fabrication imperfections. However, this can also be seen as a way to tune the antenna. This is illustrated in Figure A4 by the results of simulated temperature tuning and measurements of water extraction from the hemisphere for the magnetic dipole antenna. In Figure A4a , the total efficiency as a function of frequency and temperature is shown. Clearly, the resonance frequency was shifted by a change in temperature. From 0 to 100 °C, the peak of the efficiency was blue-shifted linearly (as indicated by the black tendency line) from 286 to 358 MHz, corresponding to a shift of 25%. This blue-shift was obviously due to the permittivity of water changing from 87.8 − 2.8 to 55.8 − 0.22, effectively bringing a change of 25% to the wavenumber in water. Furthermore, the temperature growth decreased the losses in water, and the total efficiency was above 50% from around 55 °C.
The reflection coefficient was moreover measured for different water fillings extracting 1% (≈3.5 mL) volume of water at the time from the completely filled hemisphere. During the measurements, the ground plane was kept in horizontal level. The results are shown in Figure A4b , and it can be seen that there was a linear blue-shift and increment of the minimum in the reflection coefficient as water was extracted, demonstrating yet another means of tunability in the water-based antenna.
The tunability properties of the antenna can, in principle, also be used for sensing. Several antennas designed for sensing temperature changes of up to 1000 °C have already been demonstrated [31] [32] [33] . 
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The tunability properties of the antenna can, in principle, also be used for sensing. Several antennas designed for sensing temperature changes of up to 1000 • C have already been demonstrated [31] [32] [33] . 
